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Silica/titania sandwich-like mesoporous nanosheets
embedded with metal nanoparticles templated by
hyperbranched poly(ether amine) (hPEA)+

Bing Yu, Xuesong Jiang™ and Jie Yin

We here demonstrated a novel square silica/titania mesoporous nanosheet which was prepared with
hyperbranched poly(ether amine) nanosheets (hPEA-NSs) as a template. TEM and SEM images reveal
that the obtained nanosheets possess a large aspect ratio with the average edge length of 1-2 pm and
thickness of ~40 nm, respectively. Various metal nanoparticles such as gold, silver, and platinum can be
embedded into these nanosheets with hPEA-NSs decorated with the corresponding nanoparticles as
templates. These nanosheets possess a sandwich-like structure, which is comprised of amorphous SiO,
as the inner layer, and the anatase TiO, as the outer layer determined by a cross-sectional STEM image
and EDS mapping. Meanwhile, the obtained nanosheets are mesoporous with a high surface area
(~429 m? g’1), and the SiO, inner layer can be removed by chemical etching with NaOH solution to
obtain anatase TiO, nanosheet-like boxes embedded with gold nanoparticles (AuNPs). The
photodegradation of Methyl Orange (MO) by the obtained nanosheets can be enhanced by the
embedding of AuNPs owing to the localized surface plasmon resonance (LSPR) effect from AuNPs.
The preparation of a silica/titania mesoporous nanosheet with hPEA-NSs as template is believed to
provide a convenient and general method to produce various square inorganic mesoporous nanosheets

www.rsc.org/nanoscale

Introduction

Recently, two-dimensional (2D) nanomaterials of nanoscale
dimensions in thickness only and a relatively large length in the
plane, have attracted tremendous attention as a result of their
unique magnetic, electronic and storage properties, and
potential applications in the areas of electronics, sensors, as
well as energy storage and conversion.'” Varieties of 2D mate-
rials, such as MoS, nanoflakes,’ WO; nanoplates,” CeO,
nanoplates,® PbS nanosheets,” MnO, nanosheets,'* SnS, nano-
sheets," FeS, nanosheets,"”” and GaS nanosheets™ have been
successfully synthesized. However, more kinds of 2D materials,
especially multi-component 2D materials, are required as a
result of their variety of application. Accordingly, it is significant
to develop an efficient and general method to synthesize various
2D inorganic materials.

Inorganic materials with different nanostructures have
been prepared by using different templates, including silica
spheres,” self-assembled polymers,"”*™* carbon materials
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with a large aspect ratio between edge length and thickness.

(carbon nanotubes or graphene),'>?® biological superstructures
(amino acid, viruses or DNA),*** and even natural leaves** and
butterfly wings.> Varieties of inorganic materials such as TiO,,*®
Si0,,7” CdS,?® CdSe,?® ZnO,* Nb,0s,*! GeO,,*! and ZrO,* with
different nanostructures can be fabricated with polymer tem-
plating methods. The obtained inorganic materials often
possess a hollow and mesoporous structure depending on the
structure of the template polymers. Although the inorganic
nanosheets were successfully prepared by using graphene oxide
(GO) and reduced graphene oxide (RGO) nanosheets as
templates,®>** the preparation of 2D inorganic materials with
the polymer templating method has been rather less reported,
which might be due to difficulties in fabrication of the func-
tional polymer nanosheets.*

Recently, polymer nanosheets (hPEA-NSs) with edge lengths
of 1-2 um and an ultrathin thicknesses of 4-5 nm have been
developed by our group through self-assembly of hyper-
branched poly(ether amine) (hPEA) ended with polyhedral
oligomeric silsesquioxane (POSS) and anthracene (AN).* The
obtained hPEA-NSs possess a sandwich-like structure, which is
comprised of the hydrophilic outer layer of hPEA and the
hydrophobic crosslinked inner layer of POSS and AN moieties.
Owing to existence of amino groups and poly(ethylene oxide)
(PEO) short chains on the outer layer of hPEA-NSs, similar to
reported polymer templates, inorganic precursors can also
be immobilized on the surface of the nanosheet. As a result,
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hPEA-NSs can be expected as templates to prepare various 2D
inorganic materials. Meanwhile, our recent study shows that
hPEA-NSs can be used as platforms for various metal nano-
particles (Au, Ag, Pt), which could be decorated on hPEA-NSs
through in situ reduction of the corresponding precursors
adsorbed on the surface of the hPEA-NSs through complexation
effects.®® Therefore, different kinds of metal nanoparticles
could be embedded into the obtained inorganic nanosheets
with a one-step method by using hPEA-NSs templates decorated
with the corresponding metal nanoparticles.

Herein, we report 2D inorganic materials of the silica/titania
mesoporous nanosheets (SiO,/TiO,-NSs), prepared by using
hPEA-NSs as templates. As one of the most useful semicon-
ducting metal oxides, titania (TiO,) has attracted much attention
for its applications in various areas, such as photocatalytic
degradation®” and hydrogen generation,* electrocatalysis,** dye-
sensitized solar cells,* lithium ion batteries,** self-cleaning,*
and so on. We here use SiO,/TiO,-NSs as an example for the
preparation of 2D inorganic materials with hPEA-NSs as
templates. The obtained SiO,/TiO,-NSs possess a sandwich-like
structure with a thickness of ~40 nm, which is comprised of
amorphous SiO, as the inner layer and anatase TiO, as the outer
layer. Gold, silver, and platinum nanoparticles can be embedded
into these SiO,/TiO,-NSs with the hPEA-NSs templates decorated
with the corresponding metal nanoparticles. The obtained
Si0,/Ti0,-NSs possess high surface areas (~429 m®g~") and total
pore volumes (~0.53 cm® g~'). The SiO, inner layer of the
obtained nanosheets embedded with gold nanoparticles
(AuNPs) can be removed by chemical etching with NaOH solu-
tion to obtain anatase TiO, nanosheet-like boxes embedded with
AuNPs. The photocatalytic activities of the obtained nanosheets
can be enhanced by embedding AuNPs. It is apparent that the
preparation of silica/titania mesoporous nanosheets with
hPEA-NSs as template could be further extended to fabricate a
variety of mesoporous metal and metal oxide sheets, thus this
strategy opens up a unique opportunity for the general produc-
tion of square inorganic mesoporous nanosheets with high
surface areas, thin thickness, and a large aspect ratio between
edge length and thickness.

Experimental
Materials

Tetraethoxysilane (TEOS), titanium(wv) tetra-n-butoxide (TBT),
tetrachloroauric(m) acid (HAuCl,), silver nitrate (AgNO;) and
hexachloroplatinic(iv) acid (H,PtClg) were all purchased from
Sinopharm Chemical Reagent and used without purification.
POSS/AN-ended hyperbranched poly(ether amine) (HPA) was
synthesized in our lab according to a previous report,** while the
mole ratio of POSS and AN moieties in HPA is 1/1. Other
chemicals are of analytical grade except as noted.

Preparation of silica nanosheets (SiO,-NSs) templated by HPA
nanosheets (hPEA-NSs)

According our previous report, hPEA-NSs could be obtained by
self-assembly of POSS/AN-ended hyperbranched poly(ether
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amine) (HPA), and the procedure is listed in the literature.*
TEOS (2.08 g, 0.01 mol) was dissolved into 10 mL 0.01 mol L™*
HCl-ethanol (1 : 1, v/v) and the mixture was stirred for 30 min
at room temperature, then TEOS solution was obtained.
Meanwhile, 1 mL of pH 7.4 phosphate buffered saline (PBS)
was added into 6 mL 1 mg mL~' hPEA-NSs aqueous disper-
sion, then 0.15 mL of the TEOS solution prepared above was
slowly added, and the mixture was stirred for 24 h. The
hydrolysis of TEOS on hPEA-NSs under the catalysis of amino
groups resulted in the formation of the SiO,-NSs. The sus-
pended SiO,-NSs were collected by centrifugation and washed
with deionized water and ethanol, respectively, and then dried
in vacuum for 12 h at room temperature. SiO,-NSs embedded
with gold, silver and platinum nanoparticles could be prepared
similarly with Au@hPEA-NSs, Ag@hPEA-NSs, and Pt@hPEA-
NSs as templates, respectively, and the procedure to prepare
hPEA-NSs decorated with these nanoparticles is according to
our previous research.®®

Preparation of silica/titania nanosheets (SiO,/TiO,-NSs)

TBT (3.40 g, 0.1 mol) was dissolved into 10 mL ethanol. Mean-
while, the as-prepared SiO,-NSs (ap-SiO,-NSs) were dispersed
into 6 mL ethanol, then the 0.2 mL TBT ethanol solution
prepared above was slowly added, and the mixture was stirred
for 24 h. The hydrolysis of TBT on SiO,-NSs under the catalysis
of amino groups in hPEA-NSs resulted in the formation of the
SiO,/Ti0,-NSs, which were collected by centrifugation and
washed with deionized water and ethanol, respectively, and
then dried in vacuum for 12 h at room temperature. The hPEA-
NSs template was removed by calcination by heating in air at 3
°C min~" to 300 °C and maintaining this temperature for 3 h,
and then to 600 °C at a rate of 3 °C min ™", while the amorphous
TiO, in the nanosheets partly crystallized into an anatase
phase during this process. SiO,/TiO,-NSs embedded with
gold, silver, and platinum nanoparticles were prepared simi-
larly with ap-SiO,-NSs embedded with the corresponding metal
nanoparticles.

Preparation of hollow titania nanosheets (et-TiO,-NSs)

The SiO, in SiO,/TiO,-NSs was removed by chemical etching
with NaOH solution. SiO,/TiO,-NSs after calcination (ca-SiO,/
TiO,-NSs) were dispersed into 6 mL deionized water, and then 2
mL 2 mol L™* NaOH aqueous solution was added. The mixture
was stirred and equilibrated at 60 °C for 4 h, and then et-TiO,-
NSs were obtained and collected by centrifugation and washed
with deionized water. et-TiO,-NSs embedded with gold, silver,
and platinum nanoparticles were prepared similarly with
ca-Si0,/TiO,-NSs embedded with the corresponding metal
nanoparticles.

Photocatalytic experiments

The photocatalytic properties of the samples were examined by
measuring the decomposition rate of methyl orange (MO) in the
presence of the photocatalyst under light irradiation of a 300 W
Xe lamp (no cut-off filter was used). Briefly, 5 mg of SiO,/TiO,-
NSs or Au/SiO,/TiO,-NSs powder was added to 10 mL of MO
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aqueous solution (0.05 mM). Before illumination, the solution
was slightly stirred for 120 min in the dark to reach an
adsorption equilibrium, and then photocatalytic degradation
was monitored by measuring the absorption of the solution
using a UV-2550 spectrophotometer (Shimadzu, Japan). At given
intervals of illumination time, the samples of the reaction
solution were taken out and analyzed.

Characterization

Fourier transform infrared absorption spectra (FTIR). FTIR
measurements were carried out with an iS10 Fourier trans-
formation infrared absorption spectrometer (Nicolet, USA). The
samples were prepared with a KBr disk.

Thermogravimetric analysis (TGA). TGA was performed in
nitrogen at a heating rate of 20 °C min~" from 100 °C to
700 °C using a TA Q5000IR thermogravimetric analyzer. For
each measurement the sample cell was maintained at 100 °C
for 5 min to evaporate the solvent in the sample before
measurement.

Transmission electron microscopy (TEM), selected area
electron diffraction (SAED) and high resolution transmission
electron microscopy (HRTEM). The TEM images, SAED
patterns, and HRTEM images were all obtained using a JEM-
2100 (JEOL Ltd., Japan) transmission electron microscope
operated at an acceleration voltage of 200 kV. The samples were
prepared by dropping an ethanol dispersion of the nanosheets
onto copper grids coated with a thin polymer film and then
drying at room temperature.

Scanning transmission electron microscopy (STEM) and
energy dispersive spectroscopy (EDS). The STEM images and
STEM-EDS mapping of each element were obtained using a
JEM-2100F (JEOL Ltd., Japan) transmission electron microscope
operated at an acceleration voltage of 200 kV equipped with an
Oxford Instruments EDS detector. The samples were prepared
similarly to the TEM samples. Some of the samples were also
sliced with a Leica Ultracut UC6 low temperature sectioning
system and transferred onto copper grids to observe the cross-
section of the nanosheets.

Scanning electron microscopy (SEM). The SEM images were
obtained using a JSM-7401F (JEOL Ltd., Japan) field emission
scanning electron microscope operated at an acceleration
voltage of 5 kV. The samples were prepared by dropping an
ethanol dispersion of the nanosheets onto silica wafers and
drying at room temperature. The samples were then sputter-
coated with gold to minimize charging.

Wide-angle X-ray diffraction (XRD). XRD experiments were
performed at room temperature on a glass slide using a Rigaku
X-ray diffractometer D/MAX-2200/PC with a rotating anode
source operated at 40 kV and 20 mA, and the spectra were
recorded in the scattering angle (26) range of 5-80° (step size
0.02°). Cu Ka radiation with wavelength A = 0.1542 nm was used
for the measurements.

X-Ray photoelectron spectroscopy (XPS). XPS experiments
were carried out on a RBD upgraded PHI-5000C ESCA system
(Perkin Elmer) with Al Ko radiation (hv = 1486.6 eV). The X-ray
anode was run at 250 W and a high voltage was kept at 14.0 kv
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with a detection angle at 54°. Binding energies were calibrated
by using the containment carbon (C 1s = 284.6 eV). The samples
were directly pressed into disks before measurement. The data
analysis was carried out by using the RBD AugerScan 3.21
software provided by RBD Enterprises.

X-Ray fluorescence spectroscopy (XRF). XRF experiments
were carried out on a XRF-1800 sequential X-ray fluorescence
spectrometer (Shimadzu, Japan). The samples were directly
pressed into disks before measurement.

Nitrogen adsorption-desorption analysis. Nitrogen adsorp-
tion-desorption isotherms were determined at 77 K using an
ASAP 2010 M+C surface area and porosimetry analyzer
(Micromeritics Inc., USA). The specific surface areas were
calculated according to the Brunauer-Emmett-Teller (BET)
method in regions applicable to the derivation of the
model between P/P, values of 0.05-0.25, and the pore volumes
and pore size distributions were obtained using the Barrett-
Joyner-Halenda (BJH) model. The total pore volume was
estimated from the uptake of nitrogen at a relative pressure
of P/P, = 0.99.

Results and discussion

The whole strategy to prepare the SiO,/TiO,-NSs is illustrated in
Scheme 1. As templates, hPEA-NSs possess a sandwich-like
structure, which is comprised of the hydrophilic outer layer of
hPEA and the hydrophobic crosslinked inner layer of POSS and
AN moieties.*® Because cationic polymers can promote localized
silica deposition, the amino groups in the outer layer of hPEA-
NSs can facilitate the heterogeneous nucleation process of the
precursor of SiO, (TEOS) around the surface of hPEA-NSs rather
than a homogeneous nucleation process in bulk solution. As a
result, TEOS can be immobilized into the hydrophilic outer
layer of hPEA-NSs to form subsequently silica nanosheets
(SiO,-NSs) by a hydrolysis step. After the formation of SiO,-NSs,
the precursor of TiO, (TBT) was then added and deposited on
the surface of SiO,-NSs through a sol-gel reaction to form
Si0,/TiO,-NSs. After calcination at 300-600 °C, the hPEA-NSs
template was removed while the amorphous TiO, in the nano-
sheets partly crystallized into the anatase phase during this
process.

The morphology of the obtained SiO,-NSs and SiO,/TiO,-
NSs was first observed using transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) (Fig. 1). As
shown in Fig. 1b, the as-prepared SiO,-NSs (ap-SiO,-NSs)
maintained the square sheet morphology of the hPEA-NSs
(Fig. 1a) with edge lengths of 1-2 um, and the thickness of the
ap-SiO,-NSs was ~20 nm measured from the wrinkles of the
nanosheets shown in the TEM image (Fig. 1b). The TiO,
phase was deposited on the SiO,-NSs, and the morphology of
the as-prepared SiO,/TiO,-NSs (ap-SiO,/TiO,-NSs) could still
maintain the square shape (Fig. 1c and d) while the thickness
of the nanosheets was ~51 nm, determined by the SEM
images. After calcination, no obvious aggregation occurred,
as shown in the SEM image (Fig. 1e), while the thickness of
the SiO,/TiO,-NSs after calcination (ca-SiO,/TiO,-NSs) was
~46 nm, determined by the SEM images. The thickness of
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Scheme 1 The structure of POSS/AN ended hPEA which can self-assemble into hybrid nanosheets and the strategy to prepare the SiO,/TiO,-NSs embedded with
metal nanoparticles (for example, gold nanoparticles): (1) hydrolysis, TEOS, ethanol-water, 24 h. (2) Hydrolysis, TBT, ethanol, 24 h. (3) Calcination, 30-300-600 °C, 4 h.

(4) Etching, 2 mol L™ NaOH, 4 h.

SiO,/TiO,-NSs decreased after calcination, which might be
ascribed to the shrinking of the nanosheets caused by the
removal of the hPEA-NS template. The aspect ratio between
the edge length and the thickness of the obtained nanosheets
is about 30, which is larger than some of the reports.*>** The
TEM image of ca-SiO,/TiO,-NSs was shown in Fig. 1f and g,
and some darker spots appeared in the surface of the nano-
sheets after calcination, which were due to the condensation
of some smaller crystallites.*®* Meanwhile, the amorphous TiO,
in the nanosheets crystallized into anatase phase after calci-
nation, which was proven by the HRTEM image and SAED
pattern in Fig. 1h. The HRTEM image of ca-SiO,/TiO,-NSs
shows a clear crystal lattice with uniform interplanar spacings
of 0.35 nm and 0.23 nm, which correspond to the (101) and
(004) planes of the anatase phase, respectively. The SAED
pattern of the ca-SiO,/TiO,-NSs exhibits diffraction rings,
which correspond to the (101), (004), (200), (105), (204), (116),
(220), and (215) planes of anatase TiO,, respectively. All these
results could also be regarded as a proof for the anatase phase
in ca-SiO,/Ti0,-NSs. The TEM images in Fig. 1f and g also
indicated that the TiO, phase on the surface of ca-SiO,/TiO,-
NSs consisted of numerous discrete anatase nanoparticles
with diameters of 6-8 nm and these hierarchical architectured
nanosheets also possessed mesoscale disordered pores. The
successful preparation of SiO,-NSs and SiO,/TiO,-NSs can also
be confirmed by Fourier transform infrared absorption spectra
(FTIR), as shown in Fig. S1.7

Then SiO,-NSs and SiO,/TiO,-NSs embedded with AuNPs
(Au/SiO,-NSs and Au/SiO,/TiO,-NSs) were prepared similarly
with hPEA-NSs decorated with AuNPs (AuNP@hPEA-NSs) as
templates and the morphology of these obtained nanosheets
was also investigated by TEM and SEM (Fig. 2). As shown in
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Fig. 2b-e, Au/SiO,-NSs and Au/SiO,/TiO,-NSs could also
maintain the square sheet morphology of the template
AuNP@hPEA-NSs, and nearly no crush or aggregation was
observed in the SEM images even after calcination. Meanwhile,
most of AuNPs could be fixed on the nanosheets during the
preparation, which was revealed by the TEM images shown in
Fig. 2d and f. The successful embedding of AuNPs into the
nanosheets could also be indicated by the pink color of Au/
Si0,/TiO,-NSs, which was attributed to the characteristic
plasmonic absorption of AuNPs.

The sandwich-like structure of ca-Au/SiO,/TiO,-NSs which is
comprised of amorphous SiO, as the inner layer and the
anatase TiO, as the outer layer was confirmed by the scanning
transmission electron microscopy (STEM) image and energy
dispersive spectroscopy (EDS) spectrum of both the surface
and cross-section. As shown in Fig. 3c, the silicon, titanium,
and oxygen elements have almost the same distribution, which
indicates that the TiO, phase is deposited homogeneously on
the surface of the SiO, phase. The EDS mapping of the cross-
section of ca-Au/SiO,/TiO,-NSs in Fig. 3d exhibits that the
distributions of silicon and titanium elements are comple-
mentary; the TiO, phase is distributed at the outer layer of the
nanosheets while the SiO, phase is at the inner layer, which is
well consistent with the sandwich structure predicted in
Scheme 1. It's also shown in Fig. 3d that the thickness of ca-
Au/SiO,/TiO,-NSs is ~40 nm while the SiO, layer in the
nanosheet is ~20 nm, which is also in agreement with the
thicknesses of SiO,-NSs and SiO,/TiO,-NSs determined by
the TEM and SEM images in Fig. 1. Moreover, the distribution
of elemental gold is also exhibited in EDS mapping of ca-Au/
Si0,/Ti0,-NSs, suggesting the existence of AuNPs embedded in
the nanosheets.

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 TEM images (a, b, d, f and g) and SEM images (c and e) of hPEA-NSs (a),
ap-Si0,-NSs (b), ap-SiO,/TiO,-NSs (¢ and d), ca-SiO,/TiO5-NSs (e, f and g),
respectively. (h) HRTEM image of ca-SiO,/TiO»-NSs, inset: SAED pattern of ca-
SiO,/TiO5-NSs. Inset (e): the digital photograph of ca-SiO,/TiO,-NSs dispersed
in ethanol.

In order to determine the detailed composition of the Au/
Si0,/TiO,-NSs, thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), and X-ray fluorescence
spectroscopy (XRF) experiments were carried out, and the
results are shown in Fig. S2 and S3.1 The weight percentages
of SiO,, TiO,, and Au calculated through the XPS and XRF
results are summarized in Table 1. The weight percentages of
SiO, and TiO, in ca-Si0,/TiO,-NSs are 37.9% and 62.1%,
respectively, which is very close to the theoretical value from
the TEOS and TBT in-feed (38.1% and 61.9%). The amount of
Au element obtained from XRF is much larger than that
determined by XPS. This result might be ascribed to the fact
that most AuNPs are distributed at the inner layer of the
nanosheets, which is consistent with the STEM image and EDS
mapping in Fig. 3d.

The crystal structure and phase of these nanosheets were
investigated by wide-angle X-ray diffraction (XRD) (Fig. 4). In
XRD spectra of nanosheets embedded with AuNPs, the
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Fig. 2 TEM images (a, b, d and f) and SEM images (c and e) of hPEA-NSs
decorated with AuNPs (AUNP@hPEA-NSs) (a), ap-Au/SiO,-NSs (b), ap-Au/SiO,/
TiO2-NSs (c and d), ca-SiO,/TiO,-NSs (e and f), respectively, and AuNPs was
marked in (f). Inset (e): the digital photograph of ca-Au/SiO,/TiO,-NSs dispersed
in ethanol.

embedding of AuNPs could also be demonstrated by the
common pattern of a face-centered cubic gold lattice at 20 =
38°, 44°, 64°, and 78°, respectively. Moreover, well-developed
Bragg reflection attributed to the anatase TiO, phase appeared
in the XRD spectra of SiO,/TiO,-NSs after calcination, suggest-
ing the phase transition of amorphous TiO, to anatase TiO,.
Compared with those of the bulk counterpart, the peaks were
relatively broadened, which demonstrated the small size of the
anatase TiO, nanoparticles."® No characteristic diffraction
peaks attributed to rutile TiO, appeared in the spectra, which
was also consistent with the HRTEM image and SAED pattern of
ca-Si0,/Ti0,-NSs in Fig. 1h. The particle size of the anatase TiO,
nanocrystals in these calcined nanosheets was ~7 nm, calcu-
lated using the Scherrer equation,* which was also in agree-
ment with the diameter determined from the TEM image
in Fig. 1g.

The surface area and pore structure of these nanosheets after
calcination were investigated by using N, adsorption-desorp-
tion isotherm measurements. As shown in Fig. 5a, ca-Si0,-NSs
and ca-SiO,/Ti0,-NSs both presented BDDT type IV shapes of
isotherms, according to IUPAC classification, associated with a
well-defined capillary condensation step suggesting a meso-
porous structure.*>*” Moreover, the volume adsorbed was larger
at high relative pressure, exhibiting the H3-type hysteresis loop,
and this kind of hysteresis loop indicated that ca-SiO,-NSs and
ca-Si0,/Ti0,-NSs are both comprised of aggregates of plate-like
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Fig.3 The STEM image (a), EDS spectrum (b), and EDS mappings (c) of ca-Au/SiO,/TiO,-NSs; inset scale bar is 200 nm. (d) The STEM image and EDS mapping of the

cross-section of ca-Au/SiO,/TiO,-NSs, inset scale bar is 100 nm.

Table 1 The composition of the ca-SiO,/TiO5-NSs, ca-Au/SiO,/TiO,-NSs, and et-
Au/TIO,-NSs measured by XPS and XRF

Weight percentage
by XPS (%)

Weight percentage
by XRF (%)

Sample Si0, TiO, AuNP SiO, TiO, AuNP
ca-Si0,/Ti0,-NSs 37.9 62.1 — 35.2 64.8
ca-Au/SiO,/Ti0,-NSs 37.2 62.1 0.7 31.3 65.2 3.5
et-Au/TiO,-NSs 8.4 90.4 1.2 — — —

particles forming slit-like pores.**** The BET specific surface
areas of the samples were listed in Table 2, which exhibited ca-
Si0,-NSs possessing a very high BET specific surface area of
618.8 m* g~ . This result was comparable to the values reported
for conventional mesoporous silica.*>** Meanwhile, the BET
surface areas and the total pore volume of pores of ca-SiO,/TiO,-
NSs were also measured, which had decreased after the

ap-AuISiOz-NSs
ca-Si0,/TiO,-NSs

ap-Au/SiO,/TiO,-NSs

ca-AuISiOleiOZ-NSs
et-AuITiOz-NSs
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Fig. 4 The XRD spectra of ap-Au/SiO,-NSs, ap-Au/SiO,/TiO,-NSs, ca-SiO,/TiO,-
NSs, ca-Au/SiO,/TiO»-NSs and et-Au/TiO,-NSs, respectively.
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deposition of TiO,. The embedding of AuNPs had little effect on
the BET surface areas and total pore volumes, which was also
exhibited in Table 2. The pore size distribution was further
analyzed based on the BJH method, and the results were shown
in Fig. 5b. The average pore diameters of ca-SiO,-NSs and ca-
Si0,/TiO,-NSs were 8.43 nm and 4.94 nm, respectively (Table 2),
which had decreased after the deposition of TiO, layers. This
phenomenon might be ascribed to the fact that that ca-SiO,-NSs
possessed pores with two different average diameters, as shown
in Fig. 5b, and most of the larger pores (~16 nm) were filled
with TiO, nanoparticles (~7 nm) during the TiO, layer deposi-
tion process, resulting in the decrease of the pore size of ca-
Si0,/Ti0,-NSs compared with ca-SiO,-NSs.

In our previous research, the diameters and densities of
AuNPs decorated on hPEA-NSs template can be tunable by the
amount of HAuCl, in the feed.*® As a result, we could also
change the density of AuNPs embedded into SiO,/TiO,-NSs
through the same method. In addition, AgNPs and PtNPs could
also be embedded into SiO,/TiO,-NSs similarly to AuNPs. Fig. 6
presents the SEM and TEM images of ca-SiO,/TiO,-NSs
embedded with different types of metal nanoparticles, which
indicated that all these nanosheets could maintain the square
sheet morphology of the hPEA-NSs templates and nearly no
aggregation occurred during calcination. Meanwhile, these
metal nanoparticles embedded in the nanosheets could be
easily observed from the magnified TEM images in Fig. 6, sug-
gesting the successful embedding of AuNPs, AgNPs, and PtNPs
in SiO,/Ti0,-NSs, respectively, which was also consistent with
the color changes of the corresponding nanosheets dispersed in
ethanol shown in Fig. 6.

The inner SiO, layer of ca-Au/SiO,/TiO,-NSs could be
removed by chemical etching with NaOH solution,**' and
anatase TiO, nanosheet-like boxes embedded with AuNPs (et-
Au/TiO,-NSs) could be obtained. This process was illustrated
in Scheme 1. The successful etching of SiO, was proven by FT-
IR (Fig. S1) and XPS (Fig. S3) spectra, and the morphology of
et-Au/TiO,-NSs was also investigated by SEM and TEM. As
shown in Fig. 7a, most of the et-Au/TiO,-NSs still maintained

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 N, adsorption—desorption isotherms (a) and pore size distribution curves
(b) of ca-Si0,-NSs, ca-SiO,/TiO,-NSs, ca-Au/SiO,/TiO,-NSs, and et-Au/TiO,-NSs,
respectively.

the square sheet morphology and large aspect ratio of ca-Au/
Si0,/Ti0,-NSs, and only a little deformation and aggregation
was observed. No fusion occurred between the anatase TiO,
nanoparticles deposited on the nanosheets (Fig. 7b).
Compared with Fig. 3b, the silicon element content of et-Au/
TiO,-NSs determined by the EDS spectrum in Fig. 7d
decreased from 5.06% to 0.72% (weight percentage), and the
density of silicon element exhibited in EDS mapping of et-Au/
TiO,-NSs (Fig. 7e) also sharply decreased compared with
Fig. 3c. All these results also confirmed that most of the SiO,
in et-Au/TiO,-NSs was removed. In fact, et-Au/TiO,-NSs were
composed of only 8.4% weight percentage of SiO, determined
by XPS. As some of the amorphous TiO, in ca-Au/SiO,/TiO,-
NSs could be also removed together with SiO, by etching with
NaOH solution, the degree of crystallinity of the anatase phase
in et-Au/TiO,-NSs also increased during chemical etching. As
shown in Fig. 4, the XRD peak of anatase TiO, in et-Au/TiO,-
NSs became sharper after etching. Meanwhile, the BET
specific surface area and the total pore volume of pores of
et-Au/TiO,-NSs determined by N, adsorption-desorption
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Table 2 Some physical characteristics of the ca-SiO»-NSs, ca-SiO,/TiO,-NSs, ca-
Au/SiO5/TiO»-NSs, and et-Au/TIO»-NSs

Sample Sper’/m” g~ ! V&lem® g7* Pore size‘/nm
ca-Si0,-NSs 618.8 1.304 8.43
ca-Si0,/Ti0,-NSs 429.4 0.530 4.94
ca-Au/SiO,/TiO,-NSs 403.6 0.508 5.04
et-Au/TIO,-NSs 75.1 0.179 9.55

“ BET specific surface area was calculated from the linear part of the
BET plot. ° V; = total pore volume of pores at P/P, = 0.99. ° The
average pore diameter was estimated from the Barrett-Joyner—
Halenda (BJH) formula.

isotherms decreased after etching of SiO, (Table 2). Moreover,
as shown in Fig. 5a, the N, adsorption-desorption isotherm of
et-Au/TiO,-NSs also exhibited an H3-type hysteresis loop,
which indicated that et-Au/TiO,-NSs were also comprised of
plate-like particles forming slit-like pores. The hysteresis loop
appeared at higher relative pressure, which is consistent with
larger average pore size of et-Au/TiO,-NSs after etching of SiO,.

The photocatalysis behavior of TiO, has been most inten-
sively investigated owing to its low cost, high chemical inert-
ness, and environmental applications. The photocatalytic
efficiency of TiO, can be affected by the size, shape, crystal-
linity, and degree of exposure of the reactive crystal facets.*
It's also reported that increasing the surface area of TiO, can
efficiently increase the surface adsorption capacity of the
reactants, leading to the enhancement of photocatalytic reac-
tions.>* As a result, a variety of methods have been carried out
to increase the surface area of TiO,, such as synthesis of
mesoporous TiO,, deposition of TiO, on the surface of gra-
phene,*® MoS, nanosheets,* or carbon fibers,** and combina-
tion of TiO, with absorbents (for example, mesoporous
Si0,),>>** as well as direct synthesis of TiO, nanosheets.****
Another promising route to enhance the photocatalytic
performance of TiO, is to decorate the surface with metal
nanoparticles (for example, Ag, Au, Pt and Pd).””"* It has been
shown that the presence of the metal nanoparticles can effi-
ciently shift the Fermi level of TiO,, which results in enhanced
photocatalytic efficiency.®® The photocatalytic activity of ca-
Si0,/Ti0,-NSs, ca-Au/SiO,/TiO,-NSs, and et-Au/TiO,-NSs were
all evaluated by monitoring the degradation of Methyl Orange
(MO) under Xe lamp irradiation. The changes of the MO
concentration versus light irradiation time in presence of ca-
Si0,/Ti0,-NSs, ca-Au/SiO,/TiO,-NSs, and et-Au/TiO,-NSs were
summarized in Fig. 8. The mixtures containing the catalysts
and MO were equilibrated in the dark for 120 min before
irradiation to ensure the saturated adsorption of MO on the
surface of the catalysts. As shown in Fig. 8, only ~4% C/C, of
MO was decomposed after light irradiation for 120 min
without catalyst. However, the degradation rates were signifi-
cantly enhanced in presence of the nanosheets we prepared.
The relative photocatalytic activity of ca-Au/SiO,/TiO,-NSs for
MO degradation was higher than that of ca-SiO,/TiO,-NSs,
which may be ascribed to the fact that MO photodegradation
was enhanced by the localized surface plasmon resonance
(LSPR) effect from AuNPs as it was irradiated by visible light.*”
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Fig. 6 SEMimages (a, d and g) and TEM images (b, ¢, e, f, h and i) of ca-Au/SiO,/TiO,-NSs embedded with more AuNPs (a, b and c), ca-Ag/SiO,/TiO»-NSs (d, e and f),
and ca-Pt/SiO,/TiO»-NSs (g, h and i). Inset: the digital photograph of the corresponding nanosheets dispersed in ethanol, and AuNPs, AgNPs, and PtNPs were marked in
(), (f), and (i), respectively.

In addition, et-Au/TiO,-NSs showed a higher catalytic activity etching process. Compared with P25 and some of the other
than ca-Au/SiO,/TiO,-NSs, which might be because of the mesoporous TiO,, et-Au/TiO,-NSs exhibited a comparable
AuNPs becoming more accessible to light after the SiO, catalytic activity.**

Cu
) Au Au
10 12

4 6 8
Energy (keV)

Fig. 7 SEM image (a), TEM image (b), STEM image (c), EDS spectrum (d), and EDS mappings (e) of et-Au/TiO,-NSs, and AuNPs was marked in (b).
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Fig. 8 The dependence of the MO concentration on 300 W Xe lamp irradiation
time in the presence of different catalysts.

Conclusions

We have developed a novel approach to fabricate square silica/
titania mesoporous nanosheets by using polymer nanosheets
of hyperbranched poly(ether amine) as templates. The obtained
nanosheets possess a large aspect ratio (~30), mesoporous
structure, high surface area (~429 m” g~'), and sandwich-like
nanostructure, which is comprised of amorphous SiO, as the
inner layer and anatase TiO, as the outer layer. AuNPs, AgNPs,
and PtNPs can be embedded into the obtained nanosheets by
using hPEA-NSs decorated with the corresponding nano-
particles as a template. Meanwhile, a further etching step of the
inner silica layer in these nanosheets embedded with AuNPs
can yield anatase TiO, nanosheet-like boxes embedded with
AuNPs, which show significantly enhanced photodegradation
of organic dyes such as MO. These characteristics may be due
to the LSPR effect from AuNPs under the irradiation of
visible light. To the best of our knowledge, hPEA-NSs were the
first example of polymer nanosheets which were used as
templates for fabrication of 2D inorganic materials. This
approach to prepare inorganic mesoporous nanosheet tem-
plated by hPEA-NSs is believed to provide an alternative to
produce various square inorganic mesoporous nanosheets with
a large aspect ratio.
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